Zinc and copper are involved in neuronal differentiation and synaptic plasticity but the molecular mechanisms behind these processes are still elusive due in part to the difficulty of imaging trace metals at the synapse level. We correlate stimulated emission depletion (STED) microscopy of proteins and synchrotron X-ray fluorescence (SXRF) imaging of trace metals, both performed with 40 nm spatial resolution, on primary rat hippocampal neurons. We achieve a detection limit for trace metals in the zeptogram level per pixel. We reveal the colocalization at the nanoscale of zinc and tubulin in dendrites with a molecular ratio of about one zinc atom per tubulin-αβ dimer. We observe the co-segregation of copper and F-actin within the nano-architecture of dendritic spines. Overall, the combination of STED superresolution microscopy and SXRF nano-imaging indicates new functions for zinc and copper in the regulation of the synaptic cytoskeleton associated to memory formation.
INTRODUCTION
The neurobiology of trace metals such as copper and zinc is a matter of intense investigation since they are involved in neuronal differentiation and signaling processes (1) (2) (3) (4) . One fundamental question is the localization of these metals in synaptic compartments of neuronal cells. Understanding the functions of these elements requires however to correlate their localization with respect to relevant proteins in neurons. Synchrotron X-Ray Fluorescence (SXRF) imaging using hard X-ray beams, typically above 10 keV energy, is a powerful technique to investigate the cellular localization of metals since it allows the mapping of element distributions in single cells with high analytical sensitivity (5) . Using Kirkpatrick-Baez (KB) focusing mirrors, SXRF has reached a record spatial resolution of 13 nm on ID16A beamline at the European Synchrotron Radiation Facility (ESRF), while maintaining a high photon flux as required for detecting trace elements (6) . We have previously reported a correlative microscopy approach consisting in labeling organelles or proteins with specific fluorophores for live-cell imaging prior to SXRF imaging (7, 8) . This correlative approach is limited by the spatial resolution of optical fluorescence microscopy, above 200 nm, which is larger than the spatial resolution achieved today with nano-SXRF and insufficient to resolve synaptic sub-structures. To overcome this limitation we present a method to correlate nano-SXRF with STED (STimulated Emission Depletion microscopy) performed both at 40 nm resolution. STED microscopy has already been successfully combined to transmission electron microscopy to correlate protein localization with cell ultrastructure (9) , or to atomic force microscopy to investigate protein aggregation at high spatial resolution (10) . Recently, STED has been performed together with synchrotron scanning diffraction microscopy to inform about diffraction patterns in cells (11) . These correlative approaches however cannot be transposed to the imaging of metals in cells since they require steps of chemical fixation known to disrupt the metal-binding equilibrium in cells (7, 12) . Moreover, glass coverslips used for STED microscopy usually contain significant amounts of zinc and of some other trace metals. SXRF and STED correlative microscopy have therefore to fulfil specific requirements in terms of substrate for cell culture, and protocols for sample preparation, to avoid element contamination, loss or redistribution. With the combination of these two high resolution imaging techniques we observe trace metals co-localization with cytoskeleton proteins at the synaptic level in rat hippocampal neurons.
RESULTS and DISCUSSION
We designed a specific protocol consisting in live-cell STED microscopy on silicon nitride (SN) substrates followed by cryogenic processing of the cells before nano-SXRF imaging as described in ( fig. 1 ). Primary rat hippocampal neurons were cultured in vitro during 15 days (DIV15) on sterile SN membranes placed above an astrocyte feeder layer as adapted from Kaech & Banker (14, 15) . SN membranes were designed with an orientation frame to facilitate the reproducible positioning of the samples during the correlative imaging procedure ( fig. 1A ).
SN membranes are biocompatible, trace metal free, 500 nm thin, transparent, flat and rigid supports developed for X-ray microscopy (12, 14) . To confirm that SN membranes were also adapted to STED microscopy we compared STED imaging of SiR-tubulin of hippocampal neurons grown on glass coverslips or on SN membranes, showing no difference between the two of them (fig. S1). To perform STED microscopy we stained the DIV15 primary rat hippocampal neurons with either SiR-actin, SiR-tubulin, or with SiR-tubulin and SiR700-actin together. These two far-red SiR-based fluorophores have been developed for live-cell super resolution microscopy and are based respectively on the actin ligand jasplakinolide and the tubulin ligand docetaxel (15) . Confocal and STED live-cell images were obtained using a commercial Leica DMI6000 TCS SP8 X with a 93x objective at immersion in glycerol and large with a spatial resolution of 40 nm for STED, 30 nm for PCI and 40 nm for SXRF. Several elemental maps (here sulfur) can be super-imposed with protein distributions (i.e. actin or tubulin) in dendrites and spines at 40 nm spatial resolution. The highest zinc content is found in F-actin-rich dendritic spines where zinc is highly correlated Table S1 ). Considering that the amino acid sequence of the rat tubulin-α/β dimer contains 49 sulfur atoms per dimer, from methionine and cysteine residues, the S/Zn ratio in microtubules 4L ). This result is in agreement with X-ray crystallography data of the tubulin-α/β dimer predicting the presence of one putative zinc ion per dimer, located in the tubulin-α subunit of zinc-induced tubulin sheets (17) . Our data provided by the correlation of STED and nano-SXRF microscopy support the structural requirement for zinc in tubulin network assembly and is observed directly on cultured neurons in physiological conditions, without zinc addition. This structural role for zinc could explain why zinc is required in neuronal differentiation and facilitates tubulin polymerization (14, 18) . Molecular modeling studies have also proposed such structural role for zinc in tubulin polymerization further hypothesizing that zinc dyshomeostasis, due to interactions with amyloid-beta proteins, could alter tubulin dynamics in Alzheimer's disease (19) . The combination of super resolution STED microscopy and nano-SXRF both performed with 40 nm resolution opens numerous perspectives of application to investigate the cell biology of metals. This correlative imaging will contribute to fill the gap between the study of proteinmetal interactions in purified systems and their direct observation in cells that was limited to the sub-micrometric level up to now. replaced by BrainPhys medium (STEMCELL) at 300 mOsm, a culture medium designed to respect neuronal activity for in vitro models (20) . To develop dendritic spines, neurons were maintained in culture at 36.5°C in 5% CO2 atmosphere until DIV15.
MATERIALS AND METHODS

Culture of primary rat hippocampal neurons
Cell labeling for STED and confocal imaging
For live-cell microscopy of tubulin and actin, cell permeable fluorogenic probes based on silicone rhodamine (SiR) from Spirochrome were used according to manufacturer instructions and published protocols (15, 21) . The fluorophore stock solutions were prepared at 1 mM in DMSO. For single color STED imaging, DIV15 neurons were labeled by adding 1 µM of SiRtubulin or 1 µM SiR-actin to the BrainPhys medium and neurons were exposed during 1.5h at 37°C. For dual color imaging 1 µM SiR-tubulin and 1 µM SiR700-actin were added together to the BrainPhys medium and neurons were exposed during 1.5h at 37°C. with λ the emission wavelength and the saturation factor where is the peak intensity of the depletion beam and the saturation intensity corresponding to the value of half emission signal. With a λ emission wavelength for SiRtubulin of 674 nm, a saturation factor between 34.5 and 57.5, and a N.A. of 1.3, the smallest distance between two objects that could be resolved was included between 32 and 44 nm. To fully exploit the spatial resolution of the STED setup (between 32 and 44 nm), the pixel size of STED images was set to 25 nm for oversampling the data.
STED and confocal imaging
Plunge-freezing and freeze-drying
Immediately after STED observations the neurons were plunge-frozen. Samples were quickly rinsed in a 310 mOsm ammonium acetate solution, pH 7.4 to remove extracellular inorganic elements present in Tyrode's solution that would interfere with nano-SXRF element mapping.
The osmolarity of Tyrode's and ammonium acetate solutions were measured with a vapor pressure osmometer (VAPRO 5600, Elite) and adjusted to the initial values of the BrainPhys culture medium (310 mOsm). Then the cells were blotted with Whatman paper and plungefrozen during 20 seconds in 2-methylbutane (Sigma) cooled down at -165°C in liquid nitrogen.
Excess 2-methylbutane was carefully blotted with Whatman paper cooled in liquid nitrogen vapors and transferred in the freeze-drier. Neurons were freeze-dried in mild conditions, during 2 days at -90°C and 0.040 mbar in a Christ Alpha 1-4 freeze drier. Then the temperature and the pressure were slowly raised up to room temperature and ambient pressure and the samples were stored at room temperature within a desiccator until synchrotron analyzes.
Synchrotron nano X-ray Fluorescence microscopy (SXRF) and phase contrast imaging
Synchrotron experiments were performed on the ID16A Nano-Imaging beamline at the European Synchrotron Radiation Facility (Grenoble, France) (6) . The beamline is optimized for X-ray fluorescence imaging at 20 nm spatial resolution, as well as coherent hard X-ray imaging including in-line X-ray holography and X-ray ptychography. Featuring two pairs of multilayer 
Calculation of SXRF LOD
The limit of detection (LOD) obtained with the ID16A nano-SXRF setup was determined for the elements phosphorus, sulfur, potassium and zinc according to IUPAC guidelines (26) .
where mbi is the mean of the blank measures, σbi is the standard deviation of the blank measures, and k is a numerical factor chosen according to the confidence level desired, k=3
for LOD. The resulting LOD values for each element based on the mean and standard deviation of 12 different blank analyses are presented in Table 1 . 
SUPPLEMENTARY MATERIALS
